Classification: Physical Sciences, Applied Physical Sciences Number of text pages: 13 Number of words in abstract: 92 Number of characters in paper: 32100 (including Fig1: 7cm / 1 col. = 1380 char.; Fig. 2: 10cm / 1 col. = 1920 char.; Fig. 3: 5cm / 2 col. = 2040 char.; Fig. 4: 13.5cm / 2 col. = 5100 char.) 1 Abstract We have used Nuclear Magnetic Resonance (NMR) to obtain spatially and temporally resolved profiles of gas flow in microfluidic devices. Remote detection of the NMR signal both overcomes the sensitivity limitation of NMR, and enables time-of-flight measurement in addition to spatially resolved imaging. Thus, detailed insight is gained into the effects of flow, diffusion and mixing in specific geometries. The ability for non-invasive and tracer-free measurement of microfluidic flow of both gases and liquids is unique to this approach and is important for the design and the operation of microfluidic devices.
Introduction
Miniaturized fluid handling devices have recently attracted considerable interest in many areas of science (1) . Such microfluidic chips perform a variety of functions, ranging from analysis of biological macromolecules (2, 3) to catalysis of reactions and sensing in the gas phase (4, 5) . To enable precise fluid handling, accurate knowledge of the flow properties within these devices is important. Due to low Reynolds numbers, laminar flow is usually assumed. However, either by design or unintentionally, the flow characteristic in small channels is often altered, for example by surface interactions, viscous and diffusional effects, or electrical potentials. Therefore, its prediction is not always straight-forward (6) (7) (8) . Currently, most microfluidic flow measurements rely on optical detection of markers (9, 10) , requiring the injection of tracers and transparent devices. Here, we show profiles of microfluidic gas flow in capillaries and chip devices obtained by NMR in the remote detection modality (11, 12) . Through the transient measurement of dispersion (13) , NMR is well adaptable for non-invasive, yet sensitive determination of the flow field and provides a potentially more powerful tool to profile flow in capillaries and miniaturized flow devices.
NMR remote detection separates the encoding of NMR information from the detection of the actual signal. Information about a stationary object of interest is encoded into spin polarization of a mobile sensor using radio-frequency (rf) pulses and field gradients.
The spin sensor is then physically transferred to a different location for detection. This leads to a decisive enhancement of signal in cases where geometrical constraints prevent the use of a sensitive NMR coil for detection directly at the sample site (11, 12) . In the present work, we studied gas flow in model microfluidic devices, using hyperpolarized 129 Xe as a spin carrying nucleus (14).
Experimental Procedures
Image information was encoded with an rf coil that completely encompassed the microfluidic device ( Fig. 1 ). Such a coil arrangement ideally allows NMR image information to be obtained from the entire microfluidic device, and for measuring flow provides a decisive advantage over localized detection achievable for example with microfabricated surface coils (15) . However, the low filling factor on the order of 10 -5 severely limits the obtainable signal and makes the acquisition of an NMR spectrum or image of gas in the conventional way unviable. With remote detection, the outflow of the fluid from the device can be utilized to carry the encoded information into a micro solenoid coil (16) wound around a capillary, which is connected to the outlet of the microfluidic device. The microcoil has a superior filling factor and is ideally suited to remotely retrieve the previously encoded information with a sensitivity gain of several orders of magnitude (17) . Furthermore, remote detection uniquely provides the 3 possibility to obtain the axial dispersion of the fluid as an additional experimental dimension by recording the time-of-flight (TOF) between encoding and detection of individual spin packets. Thereby, the encoded signal is read out in a time-dependent manner (13) , showing how fluid spreads as it travels through the device. The NMR pulse sequence for the acquisition of these dispersion resolved images is based on phase encoded imaging (18) in the encoding coil, while a stroboscopic signal detection scheme is applied on the microcoil to read out the axial dispersion (Fig.2 ). The encoding step thus tags the fluid in a spatially dependent way, without the need to physically insert a marker. Nuclear spins are ideal tracers, as they are naturally present in the fluid, and their state does not influence the flow properties in any way. in the channel than intensity-containing points close to x=0 mm, which arises due to a difference in TOF between gas close to the edge (x= ±1 mm) and the center section (x=0 mm). This is indicative of a non-uniform velocity field inside the chip, which is not effectively mixed by transverse diffusion along the x-dimension over the time scale of the gas flow through the chip. In the image of the position where the channel widens (680 ms), a non-uniform signal distribution is apparent, with a maximum at x=0 and z=3.5 cm and weaker intensity closer to the outlet and towards the edges. This suggests that a certain fraction of gas from the section in the center of the channel reaches the outlet faster than average. Furthermore, when comparing this image with the image where the channel narrows again (540 ms), it can be seen that gas spreads into the wide section (z=3.5 cm) less rapidly than it condenses back into the narrow section (z=2.5 cm). At z=3.5 cm, the edges of the widening channel contain no intensity, indicating that gas in these locations is less efficiently replaced. This may be even more easily visible in Fig. 4B , where a sum of the intensity over all times of travel is shown. The effect of axial dispersion arising due to the flow properties inside of the chip is also readily visible when looking at time-resolved traces of gas originating from a specific position as it arrives at the detection coil. Fig. 4C shows three traces for gas inside of the microfluidic chip at different z-positions. The amount of axial dispersion as the gas flows within the enlarged section of the chip is immediately apparent from the increasing width and decreasing height of the peaks for increasing distances to the outlet.
Results and Discussion
These results illustrate the ability to non-invasively study flow properties inside of microfluidic devices by NMR with time-of-flight imaging. We profiled microfluidic gas flow, which was enabled despite the low spin-density in a gas by using remote detection and hyperpolarized xenon as spin carrying tracer. A further improvement of the sensitivity up to 2-3 orders of magnitude could be achieved by increasing the concentration of 129 Xe (26) , and by using a polarizer optimized for low mass flow (27) .
The same experiments can also be performed with liquids, such as water and many organic solvents, where nuclear spins that are already present in the liquid can be tagged 
